Endophytic bacteria from wooden plants and especially seed-associated endophytes are not well studied. Fresh seeds collected from four Norway spruce trees (Picea abies) from different locations in the Slovene subalpine region were surface-sterilised and dissected into a seed coat, embryo and endosperm. The presence of endophytes was detected by culturing methods and by direct amplification of the eubacterial 16S rDNA gene. Both approaches identified bacteria from genera Pseudomonas and Rahnella in the Norway spruce seeds. Both are known plant-associated bacteria with growth-promoting properties and biological control potential. We suggest that plant seeds could serve as a vector for transmission of beneficial bacteria.
Introduction
Unique bacterial populations are typical for different plant organs, such as leaves, roots and seeds, and can be found on the surface or within the plant tissue. Microorganisms which colonise the plant tissue without causing any symptoms of disease are defined as endophytes [1] .
Rhizobacteria are the most studied plant-associated bacteria and often have positive effects on plant growth or/and could inhibit colonisation by pathogenic microorganisms [2] . Such growth-promoting bacteria are frequently artificially applied on seeds, but it is not known whether the applied microorganisms remain on the seed surface or also inhabit other seed tissues [2, 3] .
In comparison to the well studied rhizobacteria, little is known about naturally occurring seed-associated microbes. Different bacterial genera have been isolated from surface-sterilised seeds, such as Bacillus, Erwinia, Flavobacterium, Pseudomonas, Cytophaga, Leuconostoc, Micrococcus and Xanthomonas [1, 4, 5] . For some bacterial seed endophytes strong anti-fungal activity was demonstrated [6] . On the other hand, some well known plant pathogens, such as P. syringae pv. phaseolicola, and X. campestris pv. phaseolicola are also seed-borne [7, 8] .
Bacterial endophytes of trees are only poorly documented and studies have concentrated on root-associated endophytes with plant growth-promoting effects [9] [10] [11] [12] . Thus far, seed-associated endophytes have only been reported for a limited number of trees [4] .
In a previous study, we isolated bacteria from the rhizosphere of Norway spruce (Picea abies (L.) Karst.) and showed that some strains exhibited positive effects on growth and mycorrhization of spruce seedlings [13] . As such strains have the potential for use in forestry [9] , we also investigated Norway spruce seeds with the aim of determining the presence of specific endophytic microbial populations, and of obtaining strains which could be further investigated for plant growth-promoting activity.
Materials and methods

Collection and manipulation of the seeds
Fresh seeds were collected from four different trees from different locations within a 36 km 2 region in Pokljuka, Slovenia (1200-1400 m above sea level). Immediately after the trees were cut, several cones were collected per tree, transferred to the laboratory and air-dried for a few days. Seeds were cleaned from the wings and stored in glass vials at 4°C. Moisture contents were 10.8-11.1%.
Seeds were surface-sterilised in 30% H 2 O 2 with vigorous shaking for 30 min and washed 5 · 10 min with sterile water. After surface sterilisation, seeds were soaked over night in sterile water. To test the efficiency of surface sterilisation three seeds per sample were incubated in Brain Heart Infusion medium (BHI; Beckton Dickinson) for 5 days at 30°C.
Twenty seeds per tree (but obtained from different cones) were aseptically dissected into seed coat, endosperm and embryo. Each sample was then split; one half was used for culture and the other for molecular detection of endobacteria.
Isolation and characterisation of endobacteria
Each sample of seed coat, endosperm and embryonic tissue was inoculated into 5 ml of BHI medium. Positive cultures were transferred to solid BHI medium after 5 days incubation at 30°C and after a further 3 days we subcultured colonies that differed in the colony morphology. Pure cultures were stored at À80°C.
Bacterial isolates were characterised by Gram staining, glucose fermentation metabolism (OF test according to Leifson) [14] and identified by partial 16S rDNA sequencing. DNA from pure cultures was prepared by boiling the bacterial culture for 10 min in 5% Chelex-100 (Biorad) followed by centrifugation at 12,000 rpm for 15 min. The 16S rDNA gene was amplified with eubacterial primers 27f and 1495r as described previously [15] with the following modifications: initial DNA denaturation step (94°C, 4 min) was added at the beginning of the PCR protocol and an additional five cycles with annealing temperature of 55°C were performed.
PCR products were cloned into the pGEM Ò T-Easy vector (Promega) and sequenced with primer 27f (SeqLab, Germany). Representative sequences of the strains were deposited in GenBank with accession numbers AY700023 to AY700024 and AY700029 to AY700031.
2.3. Eubacterial 16S rDNA amplified directly from the seed DNA Total DNA was isolated from seed coats, endosperm or embryo using a CTAB-based extraction protocol [16] and 16S rDNA was amplified using the same PCR primers as above.
Amplified 16S rDNA from each seed sample (embryo, endosperm, seed coat) was cut with HaeIII and RsaI prior to cloning and sequencing. Restriction fragment patterns were then compared to HaeIII and RsaI RFLPs of 16S rDNA from isolated bacterial cultures (see above). Electrophoresis was performed using 1.5% agarose gels in 0.5 · TBE buffer.
Subsequently, 16S rDNA amplified directly from seed samples was cloned into pGEM Ò T-Easy (Promega). Twenty to thirty clones for each seed sample were selected and the cloned 16S gene was amplified with the standard pGEM-specific primer pair M13/R30. Primer pair 27f/1495r was not used to avoid amplification of E. coli 16S rDNA.
Following the RFLP analysis with RsaI and HincII, one representative clone per restriction type in each sample was partially sequenced with primer 27f. In cases where the given pattern resulted in a bacterial sequence, all clones with the identical pattern were also sequenced.
Representative sequences of the cloned bacterial 16S rDNA were deposited in GenBank with accession numbers AY700025 to AY700028 and AY700032.
Similarity was tested to sequences available within the National Center for Biotechnology Information database using BLAST analysis. The phylogenetic tree of the obtained seed-associated bacterial sequences and three closest matches for each sequence was constructed in Mega3 software package [17] using the Kimura two parameter method for distance matrix calculations and Neighbour Joining method for tree construction.
Results and discussion
We have studied bacterial endophytes within the seeds of Norway spruce by conventional culturing methods and by molecular detection of eubacterial 16S rDNA. For two reasons, we used fresh seeds from cones taken from trees immediately after cutting. Firstly, the rate of seed bacteria isolation decreases with the duration of seed storage [1, 4] . Accordingly, we were not able to grow bacteria from seeds that were a few years old, stored in the seed collection (data not shown). Secondly, by using fresh seeds we have lowered the contamination with soil bacteria, as seeds were taken from tightly closed cones which were never in contact with soil.
We successfully isolated bacterial strains from the seeds from three out of four different trees (Table 1) , mostly from seed coat but also from endosperm and embryo. All seven isolated strains were Gram negative rods. Five strains had fermentative metabolism and showed 99-100% sequence similarity to Rahnella aquatilis 16S rDNA (data not shown). Two strains were non-fermentative and were 98% similar to each other in 16S rDNA. Strain H (acc. number AY700023) showed 99% similarity to a broad spectrum of pseudomonas sequences in GenBank, the first three of which are shown in Fig. 1 . Strain R showed similarity to two plant-or soil-associated Pseudomonas sp. isolates (AY336564 and AB098591) as well as to P. putida (AF094725). Due to the short length of the partial sequence (app. 500 bp), identification to species level was not possible (Fig. 1) .
Amplification of eubacterial 16S rDNA directly from total seed DNA was successful from embryo, but not always from endosperm and seed coat DNA (Table 1) . Negative amplification was probably due to the presence of inhibitors in DNA prepared from the plant tissue. Amplified products were cloned and subjected to RFLP analysis. With RsaI, up to five patterns could be differentiated. Two were Pseudomonas-and Rahnella-specific, whereas the other three represented chloroplast sequences. With HincII, only two restriction patterns were differentiated; Rahnella and Pseudomonas clones (and strains) resulting in one pattern, and chloroplast clones in another (data not shown). Altogether, 10 Pseudomonas clones and one Rahnella clone were detected among 260 tested clones from 12 samples (T1, 2, 6, 7; EN1, 2, 6, 7; EM1, 2, 6, 7). As described also in other studies where molecular approaches were used for detection of endophytes, the majority of clones represented chloroplast sequences [18, 19] (Table 1) . In our RFLP analysis, the chloroplast clones showed three different patterns (data not shown).
All Rahnella clones described in this study were 99-100% similar to each other and to the isolated Rahnella strains in partial 16S rDNA sequence. Within Rahnella aquatilis, three genomospecies are differentiated [20] , and sequences from Norway spruce showed highest similarity with genomospecies I (data not shown).
Clones representing the Pseudomonas sequences were more heterogenous. They were obtained from three different trees and in all three cases from the seed coat samples. From two samples, more than one clone was obtained (T1, T7; Table 1 ) and all of them were sequenced to test for possible intra-seed variability. However, all sequences within a single sample showed 99-100% similarity to each other. All Pseudomonas clones could be subdivided into two groups; the first includes three T7 sequences and one T6 sequence (99% similarity to each other) and the second includes all six T1 sequences (97% similarity with T6 and T7 group) (Fig. 1) . Cloned Pseudomonas 16S rDNA sequences were only 93-94% similar to both isolated Pseudomonas strains, indicating that different species were detected by cultural and molecular methods.
As expected, most bacteria were associated with seed coat as most strains and bacterial 16S rDNA clones were obtained from these samples. Also, when RsaI RFLP of 16S gene from seed coat samples was compared to strains isolated from the same sample, only the restriction pattern of the seed coat sample showed similarities with isolated strains (Fig. 2) . Though found predominately in the seed coat, bacteria were not on the surface side, as no growth was obtained with control surface-sterilised seeds. Rahnella strains and 16S rDNA clones were obtained also from endosperm or embryonic tissue. Contamination from the seed coat is possible, and further microscopic studies and in situ hybridisations would be needed to clarify this question. However, there are other reports of bacteria detected in seed embryo tissue [6] . Pseudomonas sp. are widely-distributed plant-associated bacteria, found in the majority of plant species and tissues [1, 5] , often with positive effects on plant growth. Rahnella aquatilis, a nitrogen-fixing enterobacterium, was also isolated from the rhizosphere, phyllosphere [21] and from seeds [5] , and plant pathogen-inhibiting strains were described [22] .
Rhizobacteria are selected from the surrounding soil during plant growth by gradual enrichment with root exudates [23] , and this selection could start already with successful colonisation of the planted seeds. Alternatively, bacteria could colonise the seeds during development. The role of seeds as a source of endophytic bacteria is controversial [2] , but is supported by microscopical detection of bacteria in seeds [6] , and by an increase in endophyte populations from non-detectable levels in seeds to detectable levels in radicles [2] . Data presented here strongly suggest that P. abies seeds could be colonised before they come into the contact with the soil. Both genera described here have known plant growth-promoting properties and it could therefore be expected that their colonisation of seeds is beneficial for the plant, because it ensures the presence of potentially useful microorganisms at early stages of seedling growth. Fig. 1 . Dendrogram representing partial 16S rDNA sequence similarities of isolated Pseudomonas strains (strain H and R) and clones (from tree samples T1, T6 and T7) obtained from P. abies seeds. The closest matches from GenBank are represented. Strains R and H showed 99% similarity to a broad spectrum of Pseudomonas species. Cloned (uncultured) sequences are grouped into two subgroups and separately from isolated strains. Clones from samples T6 and T7 were closer one to another than to other known species (98% similarity to P. umsongensis (AF468450) and P. putida). 
